Abstract-Recent technological advances and the growing demands for underwater operations suggest that autonomous underwater vehicles will become increasingly present in commercial and research activities, performing tasks such as survey, inspection of sub-sea pipelines and object recovery. This fact calls for the development of guidance and control algorithms for the execution of this kind of mission. This paper proposes a reactive control approach for pipeline following by a torpedolike autonomous underwater vehicle. The method presented here, called the Deformable Virtual Zones (DVZ) method was originally conceived at the LIRMM for obstacle avoidance by mobile robots and AUVs. It consists of the modelling of a virtual zone around the robot, whose configuration depends on the robots states. The intrusion of proximetric information in this zone inflicts a deformation, and the control signal is computed so that the robot will react in order to minimise this deformation. We extend this sensor-based control method by proposing a new DVZ configuration for pipeline following by an autonomous underwater vehicle. Simulation results allow verifying its robustness as the pipeline changes direction, taking into account AUV dynamics. The proposed method is currently being implemented using the TAIPAN II, a small sized torpedolike AUV developed at the LIRMM, fitted with a profiling sonar system. Experimental results will soon be available.
I. INTRODUCTION
Driven by the growing demands for underseas operations in the fields of telecommunication and oil extraction, underwater robotics is rapidly developing. Underwater robots, or UUVs (unmanned underwater vehicles) have long been present performing commercial operations, military missions or aiding in oceanographic research. They perform tasks such as inspection of undersea equipment, object recovery, maintenance and mine detection among others, at depths where it would be too hazardous or impractical for manned vehicles.
Autonomous underwater vehicles, or AUVs, have become a new tendency on a realm traditionally dominated by ROVs (remotely operated vehicles), which are controlled from a distance through an umbilical cable. Recent technological advances suggest that inspection of undersea equipment, pipelines and cables will soon be routinely carried out by AUVs. This fact motivates the development of guidance and control algorithms for this kind of mission.
This paper discusses the application of a reactive control method for AUVs. The method presented here, called the Deformed Virtual Zones (DVZ), was conceived at the LIRMM for obstacle avoidance by mobile robots, but has been investigated in other fields aswell. It consists of the modeling of an imaginary protective zone around the robot which can be deformed by the intrusion of obstacles or objects. The aim is that the robot react in such a way as to minimize this deformation, thus avoiding collision with the obstacle.
What makes this method appealing is that it requires no modeling of the objects, only of the robot's interaction with its environment. Once the virtual zone and its desired behaviour have been described mathematically, the computation of the control law becomes relatively simple and computationally inexpensive.
Here, we investigate the application of the DVZ method for the problem of an AUV following an underwater pipeline for inspection. We propose a three-dimensional DVZ configuration and we present a set of simulation results.
The paper begins by presenting TAIPAN I and II, the two prototype AUVs used in research at the LIRMM, section II. A brief description of the research activities conducted is also given. Subsequently, section III describes the mathematical modeling of TAIPAN's dynamics.
The deformed virtual zones method is introduced in section IV, as we describe its general form for obstacle avoidance. Section V discusses the application of the DVZ for pipeline following.
II. THE TAIPAN AUV

A. Description of the prototypes
The LIRMM relies on two prototype AUVs, TAIPAN I and II, for its research activities. Both are low-cost, torpedoshaped vehicles. They differ from one another in dimension and hardware. Table I shows the dimensions and weight of the two prototypes. Both vehicles have a single propeller, a rudder and a stern diving plane. An additional diving plane, located in the front, endows the vehicle with new capabilities and suits it for very shallow water applications. These additional control surfaces provide extra lift, which allows controlling the vehicle down to 2 knots. The specificity of TAIPAN I and II for shallow water operation also lies in its ability to change depth at zero pitch, and to dive from the surface by itself, by appropriate control of the two diving planes.
To compute displacement, the prototypes rely on inertial navigation systems containing inclinometers, magnetometers, yaw rate and pitch rate girometers, pressor sensors and GPS receivers. Power is provided by 48V/8Ah and 48V/16Ah NiMH battery packs respectively for TAIPAN I and II.
The hardware on TAIPAN I is based on an INMOS T805 transputer board with additional components dedicated to A/D conversions, RS232 serial communication, digital I/O and PWM signal generation. A more detailed description TAIPAN I is found in [6] .
TAIPAN II, the more recent version, uses a PENTIUM III processor. It is equipped with a Lock Doppler to aid in displacement estimation, an UHF radio link, a WiFi link and an accoustical modem for communication and an accoustical range meter and GPS receiver for dead-reckoning. It employs three accoustical sensors for obstacle avoidance. The scientific payload can be located in the nose, including a conductivity, temperature and depth sensor and an accoustical doppler current profiler.
B. Research activities in Underwater Robotics
The underwater robotics group at the LIRMM currently focuses on robust control, high-level task planning and multiple AUV coordination. The application of high-order sliding-mode control, using techniques such as twisting and super-twisting, has been described in [4] [5] . The integration of these lines of research will take place when a complex task can be efficiently accomplished by a fleet of AUVs. One envisioned application would be the inspection of underwater pipelines by a a pair of AUVs working in cooperation. The vehicles would be released from a boat, or mother-ship. The first AUV would have the role of leader, following the pipeline at short distance. The collected information would be transmitted to the second AUV, the follower, closer to the surface. At certain intervals, the follower would emerge and retrasmit its data to the mother-ship, while also updating its GPS information.
The use of multiple AUVs instead of a single one would represent lower energy consumption and increased efficiency. The follower AUV, closer to the surface, would eliminate the need for the main vehicle to emerge to retransmit data and update the GPS information, which would require that it move all the way to the surface and then back. The elimination of this need would mean considerable energy savings.
Furthermore, the operation of the profiling sonar drains a lot from the battery. In a situation where more than one vehicle is used, they could exchange the role of leader and follower, making better use of the energy available. This could increase mission autonomy.
III. MATHEMATICAL MODELING According to the common practice in underwater robotics, the six-degree-of-freedom dynamics of TAIPAN are represented using a global coordinate frame and a local one [2] (c.f., Figure 2 ). This is the representation suggested by the SNAME (Society of Naval Architects and Marine Engineers).
We place the local coordinate frame on the vehicle's center of mass, oriented so that its axes will coincide with the vehicle's main axes of inertia. By doing so, we take advantage of the vehicle's symmetry, leading to a simpler model. This system has velocity components given by the linear velocity vector v 1 = [u, v, w] T and the angular velocity vector
T . The general velocity vector is represented as:
The position and orientation vectors
T are expressed with respect to the global coordinate frame. In its concise form:
where φ is the roll angle, θ is the pitch angle and ψ is the yaw.
A. Kinematics
The velocities in the local frame are related to those in the global frame by the expression: where J 1 (η 2 ) is the transformation matrix which yields the linear velocity components of v 1 in the global frame, and J 2 (η 2 ) maps the angular velocities v 2 into the global frame.
B. Dynamics
The dynamics of underwater vehicles are modelled based on the priciples of rigid-body motion. They're determined by the vehicle's inertia, coriolis and centrifugal forces as well as by hydrodynamic forces, due to the relative motion between the vehicle and its surrounding fluid. In order to take into account the inertia of the fluid, i.e. the exchange of kinetic energy between the vehicle and the fluid, we use the concept of added mass.
The six non-linear Newton-Euler equations of motion can be expressed in a compact fashion as [2] :
where M = M RB + M A is the inertia matrix with added mass, C = C RB +C A is the matrix of coriolis and centripetal terms , D is the damping matrix, g is the vector of gravitational forces and moments, and τ is the vector of actuator forces and moments, for which we use linearized models.
IV. THE DEFORMED VIRTUAL ZONES
A. A general description
The Deformed Virtual Zones (DVZ) method is a sensorbased control method, originally developed at the LIRMM for obstacle avoidance by mobile robots [7] , but whose applications have been extended to other fields, such as aerial robotics [8] . Other applications of reactive control are described in [1] , [9] and [3] .
This method consists of the modeling of an imaginary protective region, called the DVZ, around the robot, whose configuration depends on the robot's states. Surrounding objects are detected by proximity sensors. When an object penetrates this protective zone, it inflicts a deformation and the control signal is then calculated so that the robot react in such a way that minimizes the deformation on the DVZ. The DVZ's greatest advantage lies in the fact that it requires no modeling of the objects, only modeling of the robot's interaction with its environment. Once the virtual zone and its desired behaviour have been described mathematically, the computation of the control law becomes relatively simple and computationally inexpensive.
For obstacle avoidande, the DVZ is modelled as an ellipse, in the two-dimensional case, or an ellipsoid, if the vehicle moves in three-dimensional space. The parameters of this ellipse depend on the robot's states. It can therefore become larger as the robot moves faster, meaning the robot would detect and react to objects which are further away. Figure 3 shows a situation where a robot approaches an obstacle, which deforms the DVZ. This deformation can be minimized by a combination of two actions: a reduction in its forward velocity and a change in orientation. Figure 4 shows the robot's attempt to minimize the deformation by changing its orientation.
The DVZ is expressed by a sum of two terms which describe the interaction of the robot and its environment:
where Ξ h represents the undeformed protective zone and ∆ represents a deformation due to proximity information.
The geometry of the DVZ is a function of the vector π, which characterize the robot's controllable states:
The deformation depends on the intrusion of proximity information and on the configuration of the non-deformed protective zone:
The derivative of this deformation is: It can be observed that the evolution of the virtual zone's deformation is determined by two factors. The first one is caused by the vectorπ, which represents the robot's controllable states. The second one,İ, is caused by the environment itself. The objective of the DVZ method is to calculate the control vectorπ so as to minimize the deformation.
The complete evolution of the DVZ can also be expressed as:
The first step in computing the control law is to determine a desired evolution for the deformation. One appropriate solution is a weighted sum of the deformation itself and its derivative with respect to time:
Keeping in mind that A (π, I) is the function which relates the robot's states with the DVZ's deformation, the control signal which will minimize this deformation is computed as
where
). This will yield a control vector which leads to the desired evolution of the deformation ∇, in the least-squares sense.
B. Simulation
The simulation shown in figure 5 employs the principles decribed above. It represents a single AUV moving in an unknown environment in an attempt to reach a final destination. Starting point, mission waypoint and final destination are determined by the user, as are the number of proximity sensors used and the number of obstacles, which are represented by the larger circles. The figure shows the satisfactory performance of the DVZ, obtained at low computational cost.
V. THE DVZ IN PIPELINE INSPECTION
The extension of the Deformed Virtual Zones method to the problem of an AUV following a pipeline begins with the conception of a new DVZ configuration such that the continuous effort to minimize its deformation will cause the vehicle to follow the pipeline. So, the chosen DVZ configuration is a triangular prism with a cylindrical cavity below the AUV. In case the robot leaves its trajectory, the pipe becomes misaligned with the cavity, deforming the virtual zone.
We assume that the robot is fitted with a profiling sonar attached to its head, giving readings of the profile of the pipe and of the seafloor. Since the profiling sonar only gives readings on a plane perpendicular to its length, the control law must be computed based on the projection of the DVZ onto the sensor plane. Figure 6 shows the three-dimensional configuration of the DVZ for pipeline following and its projection on the sensor plane. {R} denotes a robot-fixed coordinate frame and {DVZ} denotes a DVZ-fixed coordinate frame. It can be seen how the cavity becomes elliptical and misaligned as the DVZ-fixed frame is rotated. We need to find the analytical expression of the DVZ and differentiate it with respect to all the vehicle's controllable states. The result of this differentiation must reflect the change of radius of the DVZ in the direction of each individual sensor caused by the misalignment between the two coordinate frames.
A. The Discrete DVZ and the Computation of the Control Law
We consider that the profiling sonar yields n proximity readings along equally spaced angles (α 1 , α 2 , . . . , α n ). The Jacobian matrix which relates the variation of the deformation on the DVZ and the variation of each of the vehicle's controllable states is:
where Y (α) is the DVZ's deformation along the direction α, i.e. the difference between the non-deformed DVZ and the sensor reading in that direction. Nonetheless, for the present application, it is desired that the robot maintain constant velocity and null pitch and roll angles. Thus these states are not taken into account and the Jacobian matrix is reduced to:
The control law is calculated as the product of the Jacobian matrix's Moore-Penrose pseudo-inverse and the desired evolution of the DVZ: Figure 8 presents a set of simulation results, showing yaw control signal, the linear tracking error and the angular tracking error. With a sampling period of 2 seconds, the AUV was capable of following the pipeline even with sudden changes in orientation. When the pipeline changed 45 o in direction, the tracking error did not exceed four meters. Satisfactory performance was obtained with sampling periods up to 8 seconds, after which the system becomes overly unstable. A sonar model to account for measurment uncertainty is yet to be implemented in the simulation.
VI. CONCLUSION
In this article, we have provided a brief overview of the research activities conducted at the LIRMM in the field of underwater robotics and we have described the prototype AUVs used at this laboratory.
We have presented the the Deformed Virtual Zones method for obstacle avoidance and we have extended it to the problem of an AUV following an underwater pipeline for inspection. Simulation yielded satisfatory results with various sampling periods, even as the pipeline abruptly changes direction.
The proposed method is currently being implemented on the TAIPAN II AUV fitted with a profiling sonar. First experimental results will be available soon. We are currently investigating the application of sliding-mode control along with the DVZ method, looking to resolve a few limitations of the control law presented herein.
